Two different relatively simple, commercially available supercritical fluid extractors (SFE), Leco and Foss-Tecator, were tested for the determination of total fat content in meat and meat products. The fatty acid composition in meat and meat products was also determined after the Foss-Tecator extraction in an aliquot of the extract. Total fat was determined by weighing after the different extraction procedures and the fatty acid composition by gas chromatography after hydrolysis and methylation of the extract. The results for total fat content agreed well with results from a standard method of Schmid, Bondzynski, and Ratzlaff, which uses conventional solvent extraction. Fatty acid composition was compared with the Bligh and Dyer extraction, and showed good agreement. The average relative difference between SFE and Bligh and Dyer of all fatty acids in the sample was <3% for acids exceeding 0.5% of total fatty acid amount. The advantages of SFE over traditional methods are a much lower consumption of hazardous organic solvents and shorter extraction times. To obtain quantitative recoveries by SFE, ethanol was added to the extraction cells before extraction.
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F
at content is one of the most important measures for classification of food with respect to trade between countries. More labeling requirements of food products further increase the already large number of determinations performed on food samples. Thus the need for rapid and inexpensive analytical methods for fat determination are becoming even more important. Legislation concerning the reduction of organic solvents, especially chlorinated solvents, expedites the need for environmentally benign analytical methods. Supercritical fluid extraction (SFE) based on carbon dioxide for fat determination using modern equipment may reduce the amount of organic solvents and the need for manual operations, leading to cheaper analysis.
Early attempts by Lembke and Engelhardt (1) resulted in a method for total fat, in which analysis time, including a primary hydrolysis step, was 2.5-3.5 h and yielded fat recoveries of 86 and 116% compared with a standard method.
King et al. (2) combined enzymatic hydrolysis in the extraction cell along with a supercritical extraction using carbon dioxide to determine the fatty acid profile of fats and oils. The total analysis time, including determination of the fatty acid profile, was approximately 1 h. Later Eller and King (3) compared fat determination after SFE using gravimetric or gas chromatography (GC)-fatty acid methyl ester (FAME) methodology, in which the fat is hydrolyzed and the released fatty acids are transferred to methyl esters. The SFE-gravimetric method and the SFE-GC-FAME methods were equivalent for 7 of 14 food matrixes, but for the rest, the GC-gravimetric results were higher. Previously, Berg et al. (4) determined total fat in meat products using versatile SFE equipment after modifying the collecting system. Although analysis time was reduced to 30 min, the inherent possibilities of automation could not be fully exploited because the collecting tube had to be changed by hand after each extraction. These extractions were performed without hydrolysis and with methanol as modifier to make extraction of phospholipids possible.
We investigated the reliability of 2 commercial, low-priced SFE instruments especially designed for fat determination. Both instruments allow simultaneous extraction of 3 or 4 samples. Validation of fat content was made by comparison with the Schmid, Bondzynski, and Ratzlaff (SBR) method (5), which is the standard method for determination of total fat content in Nordic countries. By including a hydrolysis procedure for the Foss-Tecator extraction, aliquots of the obtained extract could be used for determination of the fatty acid composition. For fatty acid determination, the SFE was compared with the method developed by Bligh and Dyer (6) , which is used in many European countries. After extraction by either SFE or Bligh and Dyer, the subsequent steps for fatty acid determination (hydrolysis, methylation, and GC separation) were the same. Both SBR and Bligh and Dyer methods use conventional solvent extraction. 
Experimental

Chemicals
Equipment
(a) Extraction.-Supercritical fluid extraction was performed with either Leco FA 100 equipment (Leco Corp., St. Joseph, MI) or Tecator-Soxtec N-S equipment (Foss-Tecator, Höganäs, Sweden). The analytes were trapped in glass vials packed with glass wool (Leco) or polypropen wool (Foss-Tecator). Carbon dioxide, grade alligal, i.e., food quality (Air Liquide Gas AB, Malmö, Sweden) was used as extracting medium. For Leco equipment, the volume of the extraction cell was 7 mL; for Foss Tecator equipment it was 24 mL. Both instruments were tested at conditions proposed by the suppliers.
(b) Gas chromatography.-Hewlett Packard GC-6890 (Hewlett Packard, Waldbronn, Germany) equipped with a Hewlett Packard autosampler 6890 and a flame ionization detector (FID) was used for the measurements, and a Hewlett Packard Chemstation version 6.03 was used for data evaluation. A 25 m × 0.32 mm column coated with 0.25 µm film of SLP OV-351 (Quadrex Corp., New Haven, CT) was used. Helium, grade N48 (Air Liquide Gas AB), was used as carrier gas and make-up gas with flow rates set to 1.5 and 45 mL/min, respectively. FAMEs were detected by FID with hydrogen, grade N48, at a flow rate of 45 mL/min and air at 450 mL/min. The temperature of the injector and detector was 250°C. The sample was injected in a split-splitless injector with a split ratio of 1:25. The separation was performed with a temperature program starting with an isothermal period of 1 min at 170°C; the temperature was then raised to 220°C at a rate of 5°C/min and kept there for 17 min.
Procedures
(a) SFE.-For the Leco extractions, 1 g homogenized sample was mixed with 1.5 g Hydromatrix grade Isolut (Sorbent AB, V. Frölunda, Sweden) using a glass pestle and mortar. The mixture was transferred to an extraction thimble and the thimble was filled with Hydromatrix; 1 mL ethanol (Kemetyl AB) was added to the thimble just before the extraction. The SFE was performed with a 5 min static step at 9000 psi with a restrictor and chamber temperature set at 100°C, before dynamic extraction was initiated. The dynamic extraction time was 25 min at a flow rate of 2 mL/min, using the same conditions as in the static step. After extraction, the glass vials were dried for 10 min at ambient temperature before they were weighed and the fat content was calculated.
In the Foss-Tecator experiments, 2 g homogenized sample was mixed with 4 g Hydromatrix using a glass pestle and mortar. The mixture was transferred to an extraction thimble and the thimble was filled with Hydromatrix. In the final Foss-Tecator method, 2 mL ethanol was also added to the thimble just before the extraction. For the Foss-Tecator experiments a 10 min static step was performed at 8412 psi with chamber and valve temperatures set at 80 and 120°C, respectively. They dynamic extraction time was for 25 min at 8992 psi at a flow rate of 3 mL/min using the sample conditions as in the static step. After extraction, the glass vials were dried for 30 min at ambient temperature before they were weighed and the fat content was calculated. When 2 mL ethanol was added to the extraction cell before extraction, the collection vial was dried 1.5 h at 104°C after extraction before it was weighed. The obtained extracts were also used to determine fatty acid composition.
(b) SBR extraction.-Approximately 3-5 g homogenized meat sample was weighed on aluminum foil and transferred to the extraction tube. A volume of 10 mL 8M HCl was added and the tube was placed in a boiling water bath for 1 h. When the sample cooled to ca 30°C, 10 mL 95% ethanol was added, and the sample was mixed; 25 mL diethyl ether was then added and mixed, and 25 mL petroleum ether was added and mixed. The tube was allowed to stand overnight to induce phase separation. The ether phase was then siphoned off into a flat-bottomed flask. The aqueous sample was extracted a second time with 30 mL diethyl ether-petroleum ether (50 + 50, v/v) mixture. After phase separation, the organic phase was again siphoned off into the flask. This extraction was repeated a third time, as in the second step, and this organic phase was collected in the flask. The solvent in the flask was evaporated, and the flask was placed in a drying oven for ca 2 h at 102-105°C. Finally the fat in the flask was weighed.
(c) Bligh and Dyer extraction.-Approximately 20 g homogenized meat sample was weighed and mixed with 40 mL methanol, 20 mL chloroform, and 2 mL water in an Omni Mixer ES (Omni International, Inc., Warrenton, VA) at 3000 rpm for 4 min, while subjected to cooling with ice. Another 20 mL aliquot of chloroform was added and mixed for 30 s as above. A third homogenization was performed after addition of 20 mL water. The homogenate was filtrated through a glass filter G3 with light vacuum, and the filtrate was collected in a flask. The filter cake was washed with 20 mL chloroform and filtrated as above using the same collection flask. The filtrate in the flask was transferred to a beaker with ca 15 mL chloroform. The beaker was allowed to stand 2 h at 4°C for phase separation. The chloroform phase was siphoned off into a round-bottomed flask. The chloroform was evaporated at 40°C, and the residual fat was dried overnight in a fume hood at room temperature before fatty acid composition was determined.
(d) Fatty acid determination.-A Pasteur pipet was used to transfer 5 drops of fat (if necessary the fat may be melted in a water bath at 45°C) from extracts obtained after SFE or Bligh and Dyer extraction into a centrifuge tube. To the tubes were added 2 mL dimethyl carbonate-n-hexane (1 + 1, v/v) and 1 mL 0.5M sodiummethylate (2.3 g sodium in 200 mL methanol). The tube was mixed thoroughly for 1-1.5 min; 3 mL distilled water was added, and the tube was shaken for 10 s. The tube was centrifuged for 10 min at 3000 rpm. The hexane (upper) phase was transferred to a GC vial, and 1 µL was injected into the GC system. A chromatogram of the fatty acid profile is shown in Figure 1 .
(e) Statistical evaluation.-SYSTAT (SPSS, Inc., Chicago, IL) Version 8.0 was used for statistical evaluation.
Results
Fat Content
Leco.-The Leco instrument was used to extract 28 meat and meat products in which the fat content varied between 2 and 37%. A comparison between results obtained by Leco and SBR is shown in Figure 2 .
The regression line obtained had a correlation coefficient of 0.996, intercept of 0.065, and a slope of 0.993. There was no significant difference between the conventional SBR method and the Leco method (p = 0.246) using a paired t-test. The repeatability of the instrument was checked for 4 weeks using a certified reference material (SMRD 94-1; n = 12). This gave a mean of 17.9 with a standard deviation (SD) of 0.19, which can be compared with the certified values of 18.0% and SD of 0.41. In most samples all the fatty acid could be determined, but for some samples not all could be determined. Thus for 14:1 n = 2, 15:1 n = 1, 19:1 n = 5, 20:2 n = 10, 24:1 n = 1.
Foss-Tecator.-The Foss-Tecator equipment was used to analyze 27 meat and meat products and 10 ready-cooked foods without any modifier addition. The fat content varied between 1 and 50% in these samples. The statistical analysis (paired t-test) showed a significant difference between the Foss-Tecator method and the conventional SBR method (p = 0.002). The regression line of SFE versus SBR for the 27 meat samples gave a slope of 0.999 and an intercept of -0.3x. The confidence interval at 95% for the slope includes the value of one, but the confidence interval for the intercept did not include zero. This points to a constant systematic error in the order of -0.3% of the intercept, indicating that the phospholipids were poorly extracted without any modifier, which is in accordance with previous experiences (4). The value of phospholipids in meat and meat products varies between 0.2 and 0.5% which can explain the intercept value of -0.3x. The reason for better agreement between SBR and the Leco SFE procedure can thus be attributed to the presence of ethanol during the latter extraction procedure. This is expected to facilitate extraction of phospholipids. Accordingly, the extraction procedure with neat carbon dioxide, suggested by the supplier of Foss-Tecator equipment, was changed by adding 2 mL ethanol as co-solvent. Eleven new meat and meat products were investigated with 2 mL ethanol added to the extraction tube just before the start of the extraction. These results can be seen in Figure 3 .
The obtained regression line had a correlation coefficient of 0.999, an intercept of 0.450, and a slope of 0.982. The mean difference of 10 samples (1 outlier) between the Foss-Tecator values and the SBR was now only +0.1%, i.e., Foss-Tecator values were somewhat higher than -0.3% above, strongly indicating that addition of ethanol, as anticipated, improved the extraction of more polar lipids (phospholipids). The repeatability, when ethanol was added, was checked on 4 samples for 2 days with a certified reference material (SMRD 94-1). This gave a mean of 17.6% and SD of 0.28, which can be compared with the certified values of 18.0% and SD of 0.41.
Fatty Acids
Extracts obtained from Foss-Tecator, to which ethanol was added before extraction, were, after hydrolysis and derivatization, analyzed with respect to fatty acid composition by using capillary GC. These results together with those obtained with Bligh and Dyer extraction on the same samples are reported in Table 1 . Table 1 shows that the 2 methods gave almost equal results, which is encouraging in view of the finding by Mathsson (7) in which different extraction methods gave quite different results. In our work, there are significant differences in a paired t-test for only 5 of the fatty acids investigated (14:0, 15:0, 16:1, 18:2, and 20:4) at 95% confidence level, but not at the 99% level. There seems to be no trend with significant differences obtained for both saturated and unsaturated acids. The moderate differences may be a result of the supercritical carbon dioxide, which is a milder extraction fluid than chloroform-methanol, leading to less rearrangement reactions than in the Bligh and Dyer extraction.
The results obtained indicate that SFE should be a good alternative to Bligh and Dyer extraction for determination of fatty acids in meat and meat products. The method also fulfills the U.S. Nutritional Labeling and Education Act (NLEA), in which fat is defined as the sum of all fatty acids obtained from a total lipid extract (8).
Discussion
With the described optimized procedures, reliable quantitation of total fat was shown to be possible for a large variety of meat and meat products using relatively simple SFE instrumentation (Leco or Foss-Tecator). A main difference between simple and advanced SFE instrumentation is that continuous addition of modifier is not possible. Fortunately, addition of a polar modifier, such as ethanol, before starting the extraction sufficiently released the polar phospholipids from the matrix. This also decreased the back adsorption sufficiently well during the dynamic extraction step in which the modifier concentration decreases, allowing high recovery of the phospholipid fraction. However, this may not always be true. In SFE of vitamin E in food, for example, a concentration of 4-5% methanol in supercritical carbon dioxide during the whole extraction was needed for high recovery (9) . The sample throughput in these systems, with 3-4 parallel extraction lines is about 6 samples per hour. This throughput is similar to automated SFE instrumentation with sequential extractions as (ISCO SF-3560) provided it is used 24 h per day. With conventional solvent extraction methods such as SBR, about 50 samples can be run during a period of 3 days. Accordingly, SFE is about 3 times faster. Furthermore, with SFE the consumption of organic solvent is negligible (1-2 mL ethanol) compared with conventional methods such as SBR where 55 mL diethyl ether, 55 mL petroleum ether, and 10 mL methanol are used, or Bligh and Dyer, which uses 40 mL chloroform and 40 mL methanol. Also for determination of fatty acid composition, SFE followed by a hydrolysis step keeps the consumption of organic solvent at a minimum. The consumption in this latter step is only 1 mL methanol and 2 mL hexane.
Aliquots of total fat extract can be used to determine lipid classes, as described by Berg et al. (4) , and for fatty acid composition after hydrolysis. Thus, one extraction can give extensive information about the fat quality of a food product.
Compared with other instrumental methods used in our laboratories for total fat determination based on near infrared (NIR; 10) or low resolution nuclear magnetic resonance (NMR; 11, 12), the SFE methodology has clear advantages. Although measurements with NIR technique are fast, a time-consuming calibration procedure is required for each new type of product. The NMR technique, which also is fast, has its limitations for food formulas containing >5% water. In these cases, a drying procedure which takes up to 16 h is necessary.
Conclusions
The advised methodology gives the total fat amount and with an aliquot of the extract, the fatty acids composition can be determined by GC after hydrolysis and derivatization. Lipid classes can also be determined from an aliquot of the same extract using the procedure previously developed (4). The developed methodology also has the potential to be used for other food determinations of total fat, lipid classes, and fatty acid composition.
